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INTRODUCTION
Several feeding studies (Hoffman et al., 2007; 
Kruse et al., 2010; Bjelland et al., 2011) included whole-
pen collections designed to determine excretions of nu-
trients on a whole-pen basis rather than by traditional 
individual-animal assessments (Cochran and Galyean, 
1994). The recovery and subsequent analysis of excreta 
on a whole-pen basis has been complicated by use of 
organic bedding materials. Therefore, soiled bedding 
after the collection period contains organic components 
from both the bedding (often wooden shavings) and 
excreta (urine and feces). Generally, these raw manure 
components must be separated quantitatively by weigh-
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ABSTRACT: Our objectives were to describe and test 
refined procedures for quantifying excreta produced 
from whole pens of dairy heifers. Previous research 
efforts attempting to make whole-pen measurements 
of excreta output have been complicated by the use 
of organic bedding, which requires cumbersome ana-
lytical techniques to quantify excreta apart from the 
bedding. Research pens equipped with sand-bedded 
freestalls offer a unique opportunity for refinement of 
whole-pen fecal collection methods, primarily because 
sand-bedded freestall systems contain no organic bed-
ding; therefore, concentrations of ash within the manure, 
sand, and feces can be used to correct for contamination 
of manure by sand bedding. This study was conducted 
on a subset of heifers from a larger production-scale 
feeding trial evaluating ensiled eastern gamagrass 
[Tripsacum dactyloides (L.) L.] haylage (EGG) that was 
incorporated into a corn silage/alfalfa haylage-based 
blended diet at rates of 0, 9.1, 18.3, or 27.4% of total 
DM. The diet without EGG also was offered on a limit-
fed basis. Eighty Holstein dairy heifers were blocked 
(heavy weight, 424 ± 15.9 kg; light weight, 324 ± 22.4 
kg) and then assigned to 10 individual pens containing 
8 heifers/pen. One pen per block was assigned to each 
of the 5 research diets, and whole-pen fecal collections 
were conducted twice for each pen. Grab fecal samples 
also were gathered from individual heifers within each 
pen, and subsequent analysis of these whole-pen com-
posites allowed reasonable estimates of OM and NDF 
excreta output. Under the conditions of our experimen-
tal design, pooled SEM for the excreta DM, OM, NDF, 
and NDF (ash corrected) output were 0.113, 0.085, 
0.093, and 0.075 kg·heifer–1·d–1, respectively. For DM 
excretion, this represented about one-third of the SEM 
reported for previous whole-pen collections from bed-
ded-pack housing systems. Subsequent calculations of 
apparent DM and OM digestibilities indicated that the 
technique was sensitive, and linear trends (P ≤ 0.027) 
associated with the inclusion rates of EGG within the 
diet were detected. This technique allows estimation of 
apparent diet digestibilities on multiple animals simul-
taneously, thereby mitigating the need for isolating 
individual animals to obtain digestibility coefficients. 
The approach appears viable but requires hand labor 
for collections of multiple pens and thorough mixing of 
large volumes of manure as well as analytical correc-
tions for sand ingested by lounging heifers.
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ing and analyzing the organic bedding materials before 
the collection period. Subsequently, excreta needs to be 
quantified by differences in DM weights and/or nutrient 
loads before (bedding alone) and after a 48-h collection 
period (bedding plus excreta; Hoffman et al., 2007). This 
approach also requires a dedicated collection pen, which 
is potentially disruptive to routine day-to-day heifer be-
haviors. Sand-bedded freestalls may offer an opportunity 
for improvement and refinement of whole-pen methods 
of excreta collection because sand is inorganic and en-
tirely recovered as ash after combustion. On this basis, 
any contamination of the alley manure by sand should be 
correctable using ash as an internal marker. Our objec-
tives for this project were to assess the efficacy of pro-
cedural refinements to whole-pen collection methods in 
conjunction with a large-scale production trial evaluating 
multiple inclusion levels of eastern gamagrass [Tripsa-
cum dactyloides (L.) L.] haylage (EGG) within the diets 
of replacement dairy heifers (Coblentz et al., 2012).
MATERIALS AND METHODS
All animal handling procedures for this experiment 
were approved by the Research Animal Resources Com-
mittee of the University of Wisconsin-Madison (proto-
col number A01458).
Animals, Housing, and Diets
This project was conducted on a subset of 80 heif-
ers that were included in a larger evaluation of EGG as 
high-NDF forage with potential to reduce the caloric 
density and DMI of corn silage/alfalfa haylage-based di-
ets for replacement dairy heifers in Wisconsin. As such, 
detailed descriptions of all diets, feeding procedures, 
diet/ort sampling, housing, and routine animal-handling 
procedures have been detailed previously (Coblentz 
et al., 2012). Holstein heifers were sorted (40 heifers/
block) on the basis of initial BW (heavy weight, 424 ± 
15.9 kg; light weight, 324 ± 22.4 kg), stratified by BW 
within block, and assigned in groups of 8 heifers/pen to 
1 of 10 identical research pens (5 pens/block). For each 
block, heifers within each of the 5 research pens were 
assigned to 1 of 5 diets that included a negative con-
trol diet formulated as a 47:53 blend of alfalfa haylage 
and corn silage (EGG0) that exceeded energy require-
ments for heifers in these weight groups (NRC, 2001). 
Other diets were constructed with serial substitutions of 
EGG, primarily for corn silage, thereby creating diets 
comprised of 9.1, 18.3, or 27.4% EGG on a DM basis 
(EGG9, EGG18, or EGG27, respectively). An addi-
tional positive control diet (LF) was formulated exactly 
as EGG0 but was offered on a limit-fed basis at 85% of 
the daily intake of EGG0 (Kruse et al., 2010).
Whole-Pen Collections
Light- and heavy-weight blocks (5 research pens 
each) were located within different but identically con-
figured quadrants of the barn. Whole-pen collections for 
the 5 pens within each block were conducted simulta-
neously; at approximately 0830 h (immediately before 
feeding), heifers were removed from their assigned pens 
briefly, and each pen was thoroughly cleaned with a small 
skid-steer loader. Although alleys were not washed with 
water, any small accumulations of feces and other waste 
missed by the alley scraper or skid steer loader, includ-
ing manure pats in the freestalls, were removed manually 
with hand scrapers and shovels. At this time, automated 
alley-scraper blades were removed, and rubber matting 
was attached to the interior fencing separating each pen, 
thereby preventing cross-contamination of urine and 
feces between pens (Hoffman et al., 2007). After pens 
were thoroughly cleaned (total elapsed time was about 1 
h), heifers were returned to their assigned pens. Immedi-
ately thereafter, heifers were fed their daily allocation of 
treatment total mixed ration (TMR). All urine, feces, and 
sand were then allowed to collect normally in the feeding, 
resting, and crossover alleys of each pen for 48 h.
After the 48-h collection period, heifers were re-
moved from their assigned pens, and all sand, feces, 
and urine collected from the alleys of each pen were 
transferred into a small 4.4-m3 manure spreader (H&S 
Manufacturing Company, Inc., Marshfield, WI) fitted 
with electronic load cells (Digi-Star, Fort Atkinson, WI). 
The contents of each spreader load were then discharged 
(with beater engagement) onto a flat concrete slab and 
mixed further with a small skid-steer loader. After mix-
ing, 5 to 7 random locations were identified within the 
discharge pile, and an approximate 4-L sample was ob-
tained from each location, including contributions from 
several depths within the pile. Each of the 5 to 7 samples 
per spreader load were transported back to the labora-
tory and thoroughly mixed, and a 20-g subsample from 
each was placed in an aluminum weigh tin and then dried 
for 24 h at 100°C. These determinations of DM were av-
eraged to establish the mean DM concentration of the 
manure collected from each pen. After concentrations of 
DM were determined, the contents of each tin were com-
busted at 500°C for 6 h in a muffle furnace to determine 
the corresponding concentrations of ash. Grab samples of 
sand from the bedded stalls were analyzed for concentra-
tions of DM and ash in an identical manner. Although 
sand is assumed to be 100% inorganic, this additional 
analysis was conducted for verification; across 4 evalua-
tion dates, the sand bedding contained 98.0 ± 0.35% ash.
Our facility is equipped with locking headgates 
along the drive-through feed alley; this additional ani-
mal-restraint equipment permits quick collection of fe-
cal samples from each heifer within the pen as well as 
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easy generation of a composite whole-pen fecal sample 
that is uncontaminated by bedding materials. After re-
moving the excreta and sand mixture from each pen, 
the daily allocation of TMR was dispensed, and heif-
ers were returned to their assigned pens. At this time, 
the locking headgates along the feed alley were set to 
the “lock” position, and the heifers were retained briefly 
as a fecal grab sample was obtained from each heifer. 
These samples were composited by pen and then ana-
lyzed in triplicate for concentrations of DM and ash. For 
this study, whole-pen collections were conducted twice 
within each block during the 15-wk production trial; 
these collections occurred during wk 4 and 10 for light-
weight heifers and wk 7 and 13 for heavy-weight heifers.
Calculations
Summary of Measured Inputs and Definition of 
Terms. The goals of these whole-pen collection proce-
dures were to eliminate the contributions of sand and 
quantify the actual excreta DM produced within each 
pen during a 48-h collection period. To make these cal-
culations, these input measurements and calculated in-
termediary variables are defined as
CONCPENDM =  concentration of DM within 
whole-pen contents (%, as  
is basis)
CONCPENASH =  concentration of ash within 
whole-pen contents (% of DM)
CONCFECALASH =  concentration of ash within 
composite fecal samples 
from each pen obtained 
directly from heifers by 
rectal palpation (% of DM)
CONCSANDASH =  concentration of ash within 
sand bedding (% of DM)
PENWEIGHTWET = g ross wet weight (kg) of 
pen contents collected 
after 48 h (kg)
PENWEIGHTDM = g ross weight of DM collected 
from each pen (kg)
PENWEIGHTASH = g ross weight of ash collected 
from each pen (kg)
PENWEIGHTSAND = g ross weight of sand DM 
collected from each  
pen (kg)
PENWEIGHTEXCRETA = g ross weight of excreta 
DM collected from 
each pen (kg)
Among these variables, CONCPENDM, 
CONCPENASH, CONCFECALASH, CONCSAN-
DASH, and PENWEIGHTWET were measured di-
rectly whereas PENWEIGHTDM, PENWEIGHTASH, 
PENWEIGHTSAND, and PENWEIGHTEXCRETA were 
calculated mathematically as follows:
PENWEIGHTDM =  PENWEIGHTWET  
× CONCPENDM        [1]
and
PENWEIGHTASH =  PENWEIGHTDM  
× CONCPENASH.        
[2]
Subsequently, PENWEIGHTASH can then be set 
equal to its individual contributions from sand and 
excreta by
PENWEIGHTASH =  (PENWEIGHTSAND  
× CONCSANDASH)  
+ (PENWEIGHTEXCRETA  
× CONCFECALASH),       
[3]
in which PENWEIGHTSAND and PENWEIGHTEXCRETA 
are unknown variables. As stated previously, the 
overall goal of these procedures is to quantify the 
PENWEIGHTEXCRETA (kg) obtained from each pen. 
To accomplish this goal, Eq. [3] can be rewritten such 
that there is only 1 remaining unknown variable by sub-
stituting (PENWEIGHTDM – PENWEIGHTSAND) for 
PENWEIGHTEXCRETA:
PENWEIGHTASH =  (PENWEIGHTSAND  
× CONCSANDASH)  
+ [(PENWEIGHTDM  
– PENWEIGHTSAND)  
× CONCFECALASH].     
 [4]
After solving Eq. [4] for PENWEIGHTSAND, 
PENWEIGHTEXCRETA can then be calculated by simple 
difference as (PENWEIGHTDM – PENWEIGHTSAND).
Whole-Pen Determinations of Nutrient Digestibility
The described techniques for estimating 
PENWEIGHTEXCRETA from each research pen also al-
lows for the estimation of DM, OM, and NDF digest-
ibility on a whole-pen basis. Normally, total-tract ap-
parent digestibilities of DM or other nutrients within 
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individual animals are assessed with a staggered ap-
proach to diet, ort, and fecal collections to account for 
the lag time between diet consumption and production 
of feces (Cochran and Galyean, 1994). Our whole-pen 
protocol was adapted to comply with the routine pro-
duction-management procedures within the research 
barn. As such, the sampling of the diet and associated 
nutrient intakes were not based on independent samples 
and measurements obtained specifically during the 2 to 
3 d immediately preceding or during excreta collection. 
Rather, these were based on the mean weekly DMI re-
corded for each pen. Subsequently, intakes of OM and 
NDF were calculated as the product of the mean weekly 
DMI for each pen and the associated concentration of 
OM or NDF for each diet determined as part of the rou-
tine weekly analysis of diets. For this application, both 
sulfite and heat-stable amylase were included within the 
NDF solution (Goering and Van Soest, 1970; Mertens, 
1992). Concentrations of OM and NDF were deter-
mined similarly on dried (55°C), ground (1-mm screen) 
subsamples of the composite fecal samples collected 
directly from each heifer within each pen, and gross 
indigestible OM or NDF output from each pen was 
calculated as the product of this OM or NDF concentra-
tion and PENWEIGHTEXCRETA determined previously. 
After converting the data to a per heifer per day basis, a 
whole-pen estimate of apparent nutrient (OM or NDF) 
digestibility was calculated as 100% – [(indigestible nu-
trient output/nutrient intake) × 100%]. For estimates of 
NDF digestibility, there was visual evidence that heif-
ers ingested sand from the freestalls during their routine 
daily activities. Sand is recovered as ash within the feces 
and can potentially depress NDF digestibility. For this 
reason, NDF digestibility was quantified based on inputs 
determined with and without correction for residual ash.
Verification of Nutrient Digestibilities with  
an Internal Marker
Nutrient digestibility estimates obtained from 
whole-pen collections were verified by analyzing diet 
and fecal samples for concentrations of indigestible NDF 
(Cochran et al., 1986). Indigestible NDF was quantified 
with a 144-h incubation in buffered rumen fluid (Daisy II 
Incubator; ANKOM Technology Corp., Macedon, NY) 
followed by a terminal digestion in neutral-detergent so-
lution that contained both sodium sulfite and heat-sta-
ble α-amylase (ANKOM200 Fiber Analyzer; ANKOM 
Technology Corp.). Rumen fluid was harvested from 2 
nonlactating donor cows consuming an alfalfa–grass, 
haylage-based diet (15.9% CP, 47.1% NDF, 36.5% ADF, 
and 61.5% TDN; University of Wisconsin Soil and For-
age Laboratory, Marshfield, WI). Concentrations of in-
digestible NDF were determined with and without re-
sidual ash based on combustion of fiber residues for 6 
h at 500°C. Apparent digestibilities of DM were then 
calculated as 100% – [100% × (% marker in diet)/(% 
marker in feces)] (Cochran and Galyean, 1994).
Statistics
Data were analyzed using PROC MIXED (SAS Inst. 
Inc., Cary, NC) as a randomized complete block design 
based on the model defined by St-Pierre (2007) for repli-
cated pen studies. For this application, block (heifer-BW 
group) was considered to be a fixed effect. Treatment 
means were evaluated by 4 orthogonal contrasts that in-
cluded 1) all ad libitum diets (EGG0, EGG9, EGG18, 
and EGG27) vs. LF, 2) EGG0 vs. all diets containing 
EGG (EGG9, EGG18, and EGG 27), 3) linear effect of 
serial addition of EGG, and 4) quadratic effect of serial 
addition of EGG.
RESULTS AND DISCUSSION
Input Weights and Concentrations
Measured inputs required to estimate 
PENWEIGHTEXCRETA are summarized in Table 1. The 
weight of sand collected from each pen (PENWEIGHT-
SAND) ranged from 241 to 430 kg (data not shown) and 
comprised about 85% of the total DM obtained from 
each pen after the 48-h collection period. The large pro-
portion of sand in the total collection from each pen is 
likely explained by the deep sand bedding within the 
stalls and a generally greater activity level for heif-
ers relative to that observed commonly for lactating 
cows. Masses of PENWEIGHTWET, PENWEIGHTDM, 
PENWEIGHTASH, and PENWEIGHTSAND (data not 
shown) were highly variable across collection periods, 
produced large SEM, and did not vary (P ≥ 0.47) on 
the basis of dietary treatment. Similarly, no signifi-
cant contrasts were detected across dietary treatments 
for CONCPENDM (overall mean = 43.6%; P ≥ 0.22) 
or CONCPENASH (overall mean = 81.7%; P ≥ 0.33). 
Fecal samples collected directly from each heifer and 
composited within each collection pen exhibited great-
er CONCFECALASH from LF heifers compared with 
those offered diets for ad libitum intake (18.8 vs. 15.1%; 
P = 0.001), and there was a quadratic effect (P = 0.013) 
associated with inclusion rate of EGG within ad libitum 
diets.
After the contributions from sand bedding to the 
gross whole-pen collections were removed mathemati-
cally using concentrations of ash as an internal marker, 
PENWEIGHTEXCRETA was obtained with adequate 
sensitivity to detect differences between LF and all ad 
libitum diets (54 vs. 62 kg; P = 0.003). Likewise, the 
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technique detected a tendency for EGG0 to differ from 
all ad libitum diets containing EGG (59 vs. 63 kg; P = 
0.071) and an expected linear (P = 0.024) increase in 
PENWEIGHTEXCRETA concomitant with increasing 
proportions of EGG in the treatment diets. After conver-
sion to a per heifer/day basis (Table 2), the technique 
yielded a pooled SEM for DM excretion across all di-
etary treatments of 0.113 kg ∙ heifer−1 ∙ d−1, which is a 
considerably more sensitive measurement than report-
ed for previous whole-pen evaluations (Hoffman et al., 
2007; Kruse et al., 2010; Bjelland et al., 2011). However, 
the 13% reduction in DM excretion observed for heifers 
offered the LF diet relative to those offered ad libitum 
diets was consistent with responses reported in other 
studies (Hoffman et al., 2007; Kruse et al., 2010). Gen-
erally, our responses to treatment for OM excretion (Ta-
ble 2) were similar to those observed for the excretion of 
DM; OM excretion increased linearly (P = 0.010) with 
the proportion of EGG within the diet, and there were 
reductions (2.72 vs. 3.28 kg/day; P < 0.001) in these ex-
cretions for LF heifers relative to all other dietary treat-
ments and for EGG0 compared with all diets containing 
EGG (3.06 vs. 3.35 kg/day; P = 0.015).
Digestibility of Diets
Dry Matter and OM. The whole-pen technique de-
tected differences in apparent digestibility of DM for 
heifers consuming the EGG0 diet relative to diets con-
taining any level of EGG (61.9 vs. 57.6%; P = 0.048) as 
well as a linear (P = 0.027) decrease in apparent DM di-
gestibility that was inversely related to the percentage of 
EGG in the diet (Table 2). Overall, a differential of 6.0 
percentage units (61.9 vs. 55.9%) of apparent DM di-
gestibility was observed between the EGG0 and EGG27 
diets. Apparent digestibility estimates for OM generally 
described differences across dietary treatments that were 
similar to those for DM; OM digestibility was greater for 
the EGG0 diet compared with all diets containing EGG 
(65.7 vs. 60.8%; P = 0.023) and declined linearly (P = 
0.020) with the inclusion level of EGG within the diet.
Neutral Detergent Fiber. Estimates of apparent OM 
digestibility were numerically greater across all dietary 
treatments (overall mean = 62.5%) than observed for 
corresponding estimates of apparent DM digestibility 
(overall mean = 58.8%); this overall differential (3.7 
percentage units) suggests that apparent DM digestibil-
Table 1. Whole-pen collection characteristics for heifers consuming diets with serial additions of eastern gamagrass 
(EGG) or a limit-fed (LF) control alfalfa/corn silage diet at Marshfield, WI; all pen collection weights represent 48 h 
of collection from pens containing 8 dairy heifers
Treatment
Concentrations Whole-pen mass
CONC- 
PENDM
1
CONC- 
PENASH
2
CONC- 
FECALASH
3
PEN- 
WEIGHTWET
4
PEN- 
WEIGHTDM
5
PEN- 
WEIGHTASH
6
PEN- 
WEIGHTEXCRETA
7
% (as is)  ————— % of DM ————— kg (wet)  ——————————— kg DM —————————— 
Diets8
EGG0 48.9 84.9 16.4 863 442 385 59
EGG9 43.4 81.2 14.5 851 400 341 61
EGG18 43.2 81.1 13.5 981 492 430 62
EGG27 39.4 78.7 16.0 762 306 246 66
LF 43.3 82.4 18.8 697 312 264 54
SEM 4.95 4.05 0.74 198.8 151.0 148.3 1.8
Contrasts9  ————————————————————————————————— P > F ————————————————————————————————— 
i 0.94 0.85 0.001 0.47 0.58 0.61 0.003
ii 0.25 0.35 0.067 0.99 0.81 0.79 0.071
iii 0.22 0.33 0.52 0.85 0.65 0.63 0.024
iv 0.86 0.67 0.013 0.61 0.65 0.65 0.68
1CONCPENDM = concentration of DM within whole-pen contents (%, as is basis).
2CONCPENASH = concentration of ash within whole-pen contents (% of DM).
3CONCFECALASH = concentration of ash obtained directly from heifers by rectal palpation (% of DM).
4PENWEIGHTWET = gross wet weight (kg) of pen contents collected after 48 h (kg).
5PENWEIGHTDM = gross weight of DM collected from each pen after 48 h (kg).
6PENWEIGHTASH = gross weight of ash collected from each pen after 48 h (kg).
7PENWEIGHTEXCRETA = gross weight of excreta DM collected from each pen after 48 h (kg).
8EGG0 = alfalfa haylage/corn silage diet containing no EGG offered for ad libitum intake; EGG9 = alfalfa haylage/corn silage diet containing 9.1% EGG 
offered for ad libitum intake; EGG18 = alfalfa haylage/corn silage diet containing 18.3% EGG offered for ad libitum intake; EGG27 = alfalfa haylage/corn silage 
diet containing 27.4% EGG offered for ad libitum intake; and LF = EGG0 diet offered at 85% of intake for EGG0.
9i = all ad libitum diets (EGG0, EGG9, EGG18, and EGG27) vs. LF; ii = EGG0 vs. all diets containing EGG (EGG9, EGG18, and EGG 27); iii = linear effect 
of serial addition of EGG; iv = quadratic effect of serial addition of EGG.
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ity was suppressed slightly by recovery of nondietary 
ash within fecal samples. Without correction for non-
dietary ash, digestibility of NDF (Table 3) tended to be 
greater for ad libitum diets compared with the LF diet 
(40.5 vs. 33.6%; P = 0.061), but no other contrast spe-
cifically evaluating NDF digestibility of ad libitum diets 
approached significance (P ≥ 0.58). When diet and fecal 
samples analyzed for concentrations of NDF were cor-
rected for residual ash, responses to dietary treatment 
were very similar to those observed without correction 
for residual ash. However, the removal of residual ash 
also had predictable effects on the magnitude of NDF 
intake and excretion, reducing both measurements on 
a kilogram/day basis relative to non-ash-corrected esti-
mates. This was especially obvious with respect to daily 
excretion, where the overall mean without correction for 
residual ash (2.39 kg/day) was numerically greater than 
observed after correction for residual ash (2.02 kg/day). 
The effects of ash correction on subsequent estimates of 
NDF digestibility were substantial although no signifi-
cant contrasts among dietary treatments were detected 
(P ≥ 0.28). The overall mean for NDF digestibility de-
termined with ash correction across all diets (46.9%) ex-
ceeded that determined without ash correction (39.1%) 
by 7.8 percentage units; moreover, our ash-corrected 
NDF digestibility assessments agreed closely with in vi-
tro estimates of NDF digestibility for these diets (49.0 to 
53.2% of NDF; Coblentz et al., 2012).
Verification of Whole-Pen DM Digestibility Estimates 
with Selected Internal Markers
Estimates of apparent DM digestibility derived from 
the 144-h indigestible NDF internal marker yielded sig-
nificant contrasts of LF vs. all ad libitum diets (P = 0.005), 
EGG0 vs. all diets containing EGG (P = 0.024), and a 
linear (P = 0.013) effect of inclusion rate for EGG within 
the diet (data not shown). However, internal-marker-
derived estimates of apparent DM digestibility (overall 
mean across all diets = 71.0%) were greater than deter-
mined from whole-pen collections (Table 2). Although 
the quantity of fecal excretions was not measured directly 
via whole-pen collections, our per heifer estimates of DM 
excretion (Table 2) would suggest that marker recover-
ies for 144-h indigestible NDF were 135 to 164%. Be-
cause whole-pen intakes were measured directly, more 
confidence can be placed in measurements of the internal 
markers consumed; this suggests that excessive recov-
eries were likely caused by intentional or inadvertent 
consumption of sand bedding by lounging heifers. This 
hypothesis was tested by correcting indigestible NDF for 
residual ash and then calculating apparent DM digestibil-
ity from these revised marker concentrations. Based on 
these ash-corrected revisions, apparent DM digestibili-
ties for the EGG0, EGG9, EGG18, EGG27, and LF diets 
were 67.2, 65.8, 66.0, 60.5, and 68.0% (SEM = 1.36%), 
respectively, resulting in a detectable linear decrease (P = 
0.008) for apparent DM digestibility that could be associ-
ated with EGG inclusion rate within the diet. Recoveries 
of the 144-h ash-corrected indigestible NDF marker esti-
mated as described previously ranged from 112 to 128% 
across diets (overall mean = 120%).
Comments on Whole-Pen Estimates of Excreta Output
Based on the results of this and several other recent 
studies (Hoffman et al., 2007; Kruse et al., 2010; Bjel-
land et al., 2011), the concept of whole-pen estimates of 
excreta output appears viable. For the present study, the 
use of sand-bedded freestalls permitted use of ash as an 
internal marker to mathematically separate quantities of 
bedding and excreta within the gross recovery of pen ma-
nure. It is unclear whether other procedural adjustments, 
such as installing bedding mattresses, could further im-
prove the sensitivity of the excreta output measurement. 
In theory, many nutrient concentrations in excreta, such 
as P or fiber components, can be determined directly or 
reasonably approximated from fecal samples and then 
multiplied by the gross excreta weight from each pen 
to determine specific nutrient excreta loads from a pen 
Table 2. Intakes, fecal excretions, and apparent digest-
ibilities of DM and OM determined from whole pen col-
lections of manure. Intakes and excretions are expressed 
on a per heifer basis
Treatment DMI
DM 
excretion
DM 
digestibility
OM 
intake
OM 
excretion
OM 
digestibility
kg/d kg/d % kg/d kg/d %
Diets1
EGG0 9.67 3.67 61.9 8.95 3.06 65.7
EGG9 9.35 3.84 59.0 8.64 3.27 62.2
EGG18 9.13 3.84 57.8 8.43 3.32 60.5
EGG27 9.33 4.11 55.9 8.61 3.45 59.7
LF 8.33 3.37 59.4 7.71 2.72 64.5
SEM 0.476 0.113 1.68 0.443 0.085 1.56
Contrasts2  —————————————— P > F ————————————— 
i 0.079 0.003 0.70 0.085 <0.001 0.18
ii 0.48 0.071 0.048 0.46 0.015 0.023
iii 0.58 0.024 0.027 0.55 0.010 0.020
iv 0.59 0.67 0.78 0.60 0.61 0.40
1EGG0 = alfalfa haylage/corn silage diet containing no EGG offered for 
ad libitum intake; EGG9 = alfalfa haylage/corn silage diet containing 9.1% 
EGG offered for ad libitum intake; EGG18 = alfalfa haylage/corn silage 
diet containing 18.3% EGG offered for ad libitum intake; EGG27 = alfalfa 
haylage/corn silage diet containing 27.4% EGG offered for ad libitum intake; 
and LF = EGG0 diet offered at 85% of intake for EGG0.
2i = all ad libitum diets (EGG0, EGG9, EGG18, and EGG27) vs. LF; ii = 
EGG0 vs. all diets containing EGG (EGG9, EGG18, and EGG 27); iii = linear 
effect of serial addition of EGG; iv = quadratic effect of serial addition of EGG.
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of heifers over a 48-h period. However, this approach 
also has clear limitations, such as the inability to prevent 
volatilization of N (Hoffman et al., 2007). Furthermore, 
sensitive determination of specific nutrient loads within 
the excreta, coupled with daily intake measurements, 
potentially permits calculation of apparent digestibility 
coefficients. These method refinements are important 
for researchers lacking facilities for digestibility evalua-
tions within individual animals and offer the additional 
benefit of minimal intrusion into normal animal routines, 
thereby eliminating concerns about lethargic or com-
promised eating behaviors by animals confined within 
digestion crates or tie-stalls for extended experimental 
periods (Cochran and Galyean, 1994).
Under the conditions described for this experiment, 
there are 2 practical limitations of this technique: 1) ade-
quate mixing of sand and excreta within manure samples 
collected from each pen and 2) the necessity of correcting 
whole-pen collection data for residual ash within diet and 
fecal samples. We found that mixing of sand and excreta 
from gross whole-pen collections was best facilitated by 
discharging pen contents through a beater-type manure 
spreader and then by further mixing with a skid-steer 
loader. Because all calculations are based on concentra-
tions of ash, rigorous sampling after manure mixing is 
absolutely essential. Second, ingestion of sand by loung-
ing heifers will depress whole-pen estimates of apparent 
digestibility because this sand is recovered within fecal 
samples. Therefore, digestibility coefficients should be 
calculated on an ash-corrected basis as apparent OM di-
gestibility or on an ash-corrected basis for other nonvola-
tile forage components, such as NDF.
Under conditions framed by the experimental design 
of the parent study, pooled SEM for excreta output of 
DM, OM, NDF, and NDF (ash corrected) were 0.113, 
0.085, 0.093, and 0.075 kg ∙ heifer−1 ∙ d−1, respective-
ly. For DM excretion, this was about one-third of the 
pooled SEM reported for bedded-pack whole-pen col-
lection protocols, in which excreta had to be separated 
quantitatively from organic bedding materials through 
more cumbersome analytical procedures (Hoffman et al., 
2007; Kruse et al., 2010).
Previously, Titgemeyer (1997) surveyed 120 pub-
lished reports from the Journal of Animal Science for 
measures of variation associated with digestion mea-
surements. Based on this summary of variability associ-
ated specifically with measuring total-tract OM diges-
tion, it was concluded that 4 and 3 individual animal 
replications within a typical Latin square design were 
required to detect differences of 5 and 10% units of 
OM digestibility, respectively, assuming mean separa-
tion was conducted by least significant difference with-
out F-test protection. If data from the present study are 
reanalyzed by PROC GLM of SAS to generate a least 
significant difference for the apparent digestion of DM 
and OM, the methods used in this project would detect 
differences of 5.0 and 4.9% units at the P = 0.05 level 
of confidence, respectively. For apparent OM digestion, 
this level of sensitivity is comparable with that sug-
gested for a typical 4 × 4 Latin square assessment con-
ducted with individual animal replicates (Titgemeyer, 
1997). Potentially, statistical power could be improved 
further through a variety of options; however, adding ad-
ditional collections over a typical production trial lasting 
from 90 to 150 d would not be prohibitive on the ba-
sis of labor requirements or analytical costs. Generally, 
our whole-pen fecal collection system appears to be vi-
able. The method is dependent on quantifying ash within 
feedstuffs, fecal samples, and whole-pen collections of 
excreta. Although acknowledging obvious limitations, 
such as potential for volatilization of some nutrients, the 
method seems especially suited for production-scale re-
search facilities with limited laboratory analytical capac-
ity. Apparent digestibility coefficients generated by this 
analytical approach should be based on OM because of 
intentional or inadvertent ingestion of sand by lounging 
heifers that can elevate ash concentrations within fecal 
Table 3. Intakes, fecal excretions, and digestibilities of 
NDF with and without corrections for ash as determined 
from whole-pen collections of manure. Intakes and 
excretions are expressed on a per heifer basis
Treatment
Without correction for ash Corrected for ash
NDF 
intake1
NDF 
excretion
NDF  
digestibility
NDF 
intake1
NDF 
excretion
NDF digest-
ibility
kg/d kg/d % kg/d kg/d %
Diets2
EGG0 3.80 2.31 39.3 3.64 1.91 47.5
EGG9 3.97 2.39 39.8 3.87 2.06 46.6
EGG18 4.13 2.42 41.5 4.02 2.13 47.1
EGG27 4.54 2.67 41.4 4.40 2.24 48.7
LF 3.28 2.18 33.6 3.13 1.74 44.4
SEM 0.086 0.093 2.95 0.072 0.075 2.38
Contrasts3  —————————————— P > F —————————————— 
i <0.001 0.028 0.061 <0.001 0.002 0.28
ii 0.002 0.13 0.64 <0.001 0.023 0.99
iii <0.001 0.027 0.58 <0.001 0.010 0.72
iv 0.19 0.39 0.91 0.32 0.84 0.61
1Intake of NDF based on NDF concentration of the diet determined with 
heat-stable amylase and sodium sulfite in the NDF solution; similarly, fecal 
output of NDF is based on concentrations of NDF in feces determined with 
the same additions to the NDF solutions as described for diet samples.
2EGG0 = alfalfa haylage/corn silage diet containing no EGG offered for 
ad libitum intake; EGG9 = alfalfa haylage/corn silage diet containing 9.1% 
EGG offered for ad libitum intake; EGG18 = alfalfa haylage/corn silage 
diet containing 18.3% EGG offered for ad libitum intake; EGG27 = alfalfa 
haylage/corn silage diet containing 27.4% EGG offered for ad libitum intake; 
and LF = EGG0 diet offered at 85% of intake for EGG0.
3i = all ad libitum diets (EGG0, EGG9, EGG18, and EGG27) vs. LF; ii = 
EGG0 vs. all diets containing EGG (EGG9, EGG18, and EGG 27); iii = linear 
effect of serial addition of EGG; iv = quadratic effect of serial addition of EGG.
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samples, thereby depressing estimates of apparent DM 
digestibility. From a procedural perspective, improved 
techniques for mixing large volumes of pen manure or 
eliminating more sand from the housing system are wor-
thy of future evaluation.
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